A long-term goal of modeling Huntington's disease (HD) is to recapitulate the cardinal features of the disease in mice that express both mutant and wild-type (WT) huntingtin (Htt), as HD commonly manifests as a heterozygous condition in humans, and loss of WT Htt is associated with loss-of-function. In a new heterozygous Q175 knockin (KI) mouse model, we performed an extensive evaluation of motor and cognitive functional deficits, neuropathological and biochemical changes and levels of proteins involved in synaptic function, the cytoskeleton and axonal transport, at 1 -16 months of age. Motor deficits were apparent at 6 months of age in Q175 KI mice and at that time, postmortem striatal gamma-aminobutyric acid (GABA) levels were elevated and mutant Htt inclusions were present throughout the brain. From 6 months of age, levels of proteins associated with synaptic function, including SNAP-25, Rab3A and PSD-95, and with axonal transport and microtubules, including KIF3A, dynein and dynactin, were altered in the striatum, motor cortex, prefrontal cortex and hippocampus of Q175 KI mice, compared with WT levels. At 12-16 months of age, Q175 KI mice displayed motor and cognitive deficits, which were paralleled at postmortem by striatal atrophy, cortical thinning, degeneration of medium spiny neurons, dense mutant Htt inclusion formation, decreased striatal dopamine levels and loss of striatal brain-derived neurotrophic factor (BDNF). Data from this study indicate that the heterozygous Q175 KI mouse represents a realistic model for HD and also provides new insights into the specific and progressive synaptic, cytoskeletal and axonal transport protein abnormalities that may accompany the disease.
INTRODUCTION
Huntington's disease (HD) is an autosomal dominant inherited neurodegenerative disorder, caused by a mutation that expands a CAG repeat motif in exon 1 of the huntingtin (Htt) gene. The disease usually manifests in adulthood, where patients develop early neuropsychiatric problems and chorea. Homozygosity is rare in humans with HD, and the majority of patients have a single allele containing the expanded CAG mutation. Therefore, the goal of preclinical research is to test potential therapeutic strategies in models that closely mimic biological changes in the presence of both normal and mutant Htt. Indeed, a conditional knockout of normal Htt in mice causes progressive neurodegeneration and highlights the critical role for WT Htt in neuron survival (1) . In vivo modeling of HD using heterozygous knock-in (KI) mice has previously been challenging owing to their subtle phenotypes, and hence, the majority of mutant Htt KI models used to date are homozygous (2 -5) . Q175 KI mice are a novel HD model that recapitulate the heterozygosity of human HD and provide an opportunity to identify progressive functional and neurodegenerative changes. Given our previous work showing that early synaptic, cytoskeletal and axonal transport protein alterations precede overt neuronal degeneration in a progressive rodent model of Parkinson's disease (6), we hypothesized that changes in similar systems would precede or correlate with behavioral and neuropathological abnormalities in the Q175 KI model of HD. We have now performed an extensive evaluation of behavioral, pathological and degenerative changes, and alterations to key intracellular proteins involved in synaptic maintenance and axonal transport, in Q175 KI mice.
The neuropathological changes observed in human HD brains at post-mortem (grades 1 -4) closely correlate with the extent of clinical disability (7) . However, no pathological changes are found in grade 0 brains, immediately after clinical diagnosis (7) , suggesting that pre-degenerative processes also affect symptomology. 95% of neurons in the caudate nucleus are lost at grade 4 (7) , and severe atrophy of the cerebral cortex is observed (8, 9) . At grade 1, mutant Htt N-terminal fragments initially accumulate in the cytoplasm of neurons within the corticostriatal tract, and during disease progression, these form intra-nuclear inclusions (10) . Soluble and misfolded Htt causes numerous abnormal direct and indirect protein interactions, which result in pathwayspecific gain-of-function and loss-of-function effects in cellular processes (11) . In HD patients and in mouse models of the disease, fast axonal transport, synaptic vesicle release, energy homeostasis, the ubiquitin-proteasome system and endosomal recycling pathways are dysregulated (12) (13) (14) (15) (16) . Under normal conditions, vesicles, mitochondria and lysosomes move 50-400 mm per day within the neuron, shuttling from + to 2 ends at 0.3 mm/s, reviewed in (16) . Vesicles containing synaptic proteins also move from the endoplasmic reticulum (ER) to the terminals, for synaptic spine maintenance in vivo, and hence under conditions of disrupted organelle transport, dendritic spines are lost (17) . In vitro experiments show that Htt is associated with vesicle membranes in the cytoplasm, controlling both anterograde and retrograde transport on microtubules (18) (19) (20) (21) . Mutant Htt prevents adequate protein and organelle delivery, by fast axonal transport, leading to vesicle accumulation in the axon, demonstrated in the squid giant axoplasm, Drosophila melanogaster and in transgenic HD mouse model systems (22) (23) (24) (25) . It is likely that aggregated insoluble mutant Htt also physically inhibits vesicle motility at latter stages, as swollen organelles are seen in close proximity to Htt aggregates, in a HD mouse model (26) . In vitro paradigms reveal that mutant Htt causes microtubule deacetylation and detachment of the fast-axonal vesicle-carrying motor proteins dynein and kinesin (27) , resulting in the loss of retrograde and anterograde transport, respectively. The binding of vesicles to dynein and kinesin, in vitro, is further perturbed by the loss of Htt binding to HAP-1 (28) . These motor proteins are essential to the maintenance of medium spiny neurons (MSNs) and loss-of-function mutations in dynein cause decreased neuronal outgrowth in vitro and striatal atrophy in vivo (29) . Brain-derived neurotrophic factor is transported in vesicles from the cortex to nerve terminals in the striatum, via attachment to dynactin and dynein complexes. The decrease in BDNF and transport problems of the BDNF receptor, TrkB, seen in HD patients and HD mouse models are considered a causative mechanism of degeneration (15, (30) (31) (32) . It has recently been found that human HD iPSC-derived neurons are also susceptible to BDNF withdrawal (33) . The impact, timing and specificity of key axonal transport, cytoskeletal and neurotrophic factor-related protein changes in cortical, hippocampal and striatal neuron populations has yet to be elucidated in HD pathogenesis.
Small Rab GTPases, which provide the rate-limiting step for vesicle trafficking and vesicle fusion, have also been implicated in the pathogenic phenotype of HD mouse models (17) , HD patient fibroblasts (34) and cellular dysfunction in other neurodegenerative diseases (35, 36) . Mutant Htt interacts with Rab11 to cause the impaired exit from recycling endosomes in a KI mouse model of HD (37) . As a consequence, Rab11-positive vesicles containing spine-maintaining cargo fail to be delivered in mutant Htt-expressing cells, resulting in synaptic degeneration (34) . The protein homeostasis of other Rab GTPases, of which there are .70 subtypes in humans, is much less understood in the context of HD.
Inadequate maintenance of the synaptic spine results in altered synaptic plasticity, which can be measured in the corticostriatal tract and hippocampus of HD patients (12) and transgenic HD mouse models (13, (38) (39) (40) (41) (42) . Dissociating between regional changes of pre-and post-synaptic proteins, and discerning which soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex proteins are most effected in HD over time, in conjunction to neurotransmitter changes, is paramount to understanding the origins of abnormal synaptic plasticity changes.
In the current study, we therefore investigated synaptic, cytoskeletal, axonal transport, neurotransmitter and BDNF protein changes, in the novel Q175 KI mouse model of HD, in parallel to assessing disease progression by different output measures. We show that a KI expansion of 175 CAG repeats into the Htt gene, on a single allele, results in a robust heterozygous mouse model of HD, which exhibits motor deficits and inclusion pathology by 6 months. We have confirmed existing pathological and biochemical changes found in HD patients and have identified novel protein alterations. The Q175 KI model recapitulates both the phenotype and WT/mutant Htt heterozygosity of the human condition, and Q175 KI mice are well suited for testing novel therapeutic interventions for use in HD.
RESULTS

Progressive behavioral deficits in Q175 KI mice
Behavioral analyses of spontaneous behavior, motor coordination, working memory and nesting were performed in Q175 KI mice at 1, 6, 12 and 16 months of age. Some of these functional deficits were exacerbated with age in Q175 KI mice. In the cylinder test, the number of hindlimb steps, forelimb steps, rears and time spent grooming were assessed. Q175 KI mice displayed an increase in the number of hindlimb steps at 1 month of age (T 1,46 ¼ 2.63, P , 0.05) and a decrease in the time spent grooming at 6 months of age (T 1,40 ¼ 2.60, P , 0.05), compared with age-matched WT littermates ( Fig. 1A and B) . Hindlimb steps were also increased in Q175 KI mice at both 12 months of age (T 1,36 ¼ 2.60, P , 0.05; Fig. 1C ) and 16 months (T 1,23 ¼ 3.02, P , 0.01; Fig. 1D ). Q175 KI mice showed a progressive increase in forelimb steps with age; forelimb steps did not differ between Q175 KI mice and WT mice at 1 and 6 months, yet were increased in Q175 KI mice at 12 months (T 1,36 ¼ 2.37, P , 0.05; Fig. 1C) , and 16 months (T 1,23 ¼ 2.59, P , 0.05; Fig. 1D ). No motor coordination deficits on the accelerating rotarod, as determined by a decreased latency to fall, were observed at 1 month of age. However, Q175 KI mice developed rotarod deficits at 6 months (T 1,46 ¼ 3.01, P , 0.01), which persisted at 12 months of age (T 1,40 ¼ 2.49, P , 0.05), compared with age-matched littermate WT mice ( Fig. 1F and G) . Q175 KI mice also showed a decreased alternation on the Y-maze test (T 1,23 ¼ 2.58, P , 0.05) and displayed a decreased capacity to build cotton nests (T 1,23 ¼ 2.49, P , 0.05) at 16 months ( Fig. 1I and J) . Deficits on the Y-maze and the nestbuilding tests were not observed at 12 months of age (data not shown). Prior to behavioral testing, the weight of each mouse was recorded. Q175 KI mice failed to gain weight at 12 and 16 months in contrast to age-matched WT littermates (Supplementary Material, Fig. S1 ).
Age-dependent Htt inclusion formation and brain atrophy
The progressive formation of intra-neuronal nuclear protein aggregates of mutant Htt is a pathological hallmark in patients with HD (10) and in transgenic HD mouse models (3, (43) (44) (45) . We investigated the expression pattern of mutant Htt inclusions throughout the brain of Q175 KI mice at 1, 6, 12 and 16 months of age. DAB immunostaining using an EM48 antibody for mutant Htt (46) showed that aggregates were present in Q175 KI mice by 6 months of age and that inclusions increased in number and density within the striatum, prefrontal cortex and motor cortex, progressively with age ( Fig. 2A and Table 1 ). Semi-quantitative scores of mutant Htt inclusions, based on Bayram-Weston et al. (2, 3, 44, 45) , indicated that at 6 months, there were few inclusions in the lateral striatum, motor cortex, prefrontal cortex and piriform cortex. At 6 months, there was also diffuse nuclear staining in the amygdala, thalamus, hypothalamus, nucleus accumbens, sensory cortex, medial striatum and caudal striatum (Table 1 ). In contrast, there was no evidence of mutant Htt accumulation in the septum or substantia nigra at 6 months ( Table 1 ). In 12-month-old Q175 KI mice, mutant Htt inclusions were frequent and dense in the medial striatum, lateral striatum, motor cortex, prefrontal cortex, sensory cortex and piriform cortex, and diffuse nuclear staining was apparent in all other regions of interest (Table 1) . At 16 months, Q175 KI mice showed dense mutant Htt inclusions throughout the brain, yet only few inclusions were observed in the s. nigra (Table 1) .
HD is associated with selective neuronal vulnerability and loss in the caudate-putamen (striatum) and cerebral cortex, resulting in atrophy that closely tracks the disability of the disease in patients (47) . We therefore evaluated striatal volume and cortical thickness in Q175KI mice. Striatum Figure 1 . Progressive behavioral deficits in heterozygous Q175 knock-in (Q175 KI) mice. Heterozygous Q175KI and age-matched WT littermate mice at 1, 6, 12 and 16 months of age were assessed for spontaneous activity using the cylinder test (A-D). Forelimb steps, hindlimb steps, time spent grooming and rearing were measured. Forelimb steps were increased in Q175 KI mice compared with WT littermate mice at 12 and 16 months of age (C and D), and the number of hindlimb steps was increased in Q175KI mice at 1, 12 and 16 months (A, C and D). Motor coordination deficits in Q175KI and WT littermate mice were assessed using the accelerating rotarod (E-H). Q175 KI mice showed a decreased latency to fall on the accelerating rotarod at 6 and 12 months (F -G). Working memory was measured in Q175KI and WT littermate mice using the Y-maze (I). Percent alternation was decreased in the Y-maze in Q175 KI mice at 16 months of age (I). Motivational behavior was assessed by a test for nesting deficits (J). Q175 KI mice built less elaborate cotton nests at 16 months (J). Significance is annotated at * P , 0.05 compared with age-matched WT littermate mice, unpaired T-tests. N ¼ 8-24/group. Graphs are expressed as mean + SEM. Figure 2 . Accumulation of mutant huntingtin inclusions and atrophy of the striatum and motor cortex in heterozygous Q175 knock-in (Q175 KI) mice. Immunolabeling for mutant huntingtin in Q175KI mice shows mutant huntingtin-positive inclusions in the striatum, motor cortex, prefrontal cortex and hippocampus at 6, 12 and 16 months of age (A). No inclusions were detected in Q175KI mice at 1 month of age. Striatal volume (B and C) and cortical (motor and prefrontal) thickness (D and E) was measured in Q175KI and WT mice at 1, 6, 12 and 16 months of age in Nissl-stained sections. Striatal volume was decreased in Q175 KI mice at 12 months of age in comparison with age-matched WT mice (B), and motor cortex volume was reduced in 12-and 16-month-old Q175 KI mice in comparison with Q175 KI mice at 1 month of age and in 16-month-old mice compared with age-matched WT littermates (D). Representative photomicrographs are shown from 12-month-old mice (C and E (Fig. 2B) . Representative photomicrographs indicate that the reduced striatum volume was paralleled by an increase in the size of the lateral ventricle (LV) in 16-month-old mice (Fig. 2C) . Motor cortex thickness in Q175 KI mice was decreased at 12 months of age (F 7,68 ¼ 2.20, P , 0.05) compared with Q175 KI mice at 1 month of age ( Fig. 2D and E) . In 16-month-old Q175 KI mice, motor cortex volume was further reduced compared with both agematched WT littermate controls (F 7,68 ¼ 2.22, P , 0.05) and Q175 KI mice at 1 month of age (F 7,68 ¼ 3.58, P , 0.05) ( Fig. 2D and E) . In contrast, there was no change in the prefrontal cortex thickness with age ( Fig. 2D and E) .
Despite the widespread occurrence of mutant Htt inclusions and brain atrophy in Q175 KI mice at 12 months, this had little effect on the total levels of Htt. There was no difference in the levels of either total full-length Htt or N-terminal Htt fragments compared with levels in WT mice at 12 months of age in the striatum and motor cortex (Fig. 3A -D) . There was also no difference in the levels of either total full-length Htt or N-terminal Htt fragments in the striatum of Q175 KI mice at 16 months (Supplementary Material, Fig. S5I and J).
Q175 KI mice developed an age-dependent decrease in DARPP-32 proteins levels ( Fig. 4Ai -Dii) . When quantified, there were no genotype-specific differences in DARPP-32 levels at 1 and 6 months. However, in 12-month, Q175 KI mice DARPP-32 levels were 44 + 6% lower than age-matched WT levels (U ¼ 2.00, P , 0.05) and at 16 months were 53 + 9% lower than WT (U ¼ 1.00, P , 0.01). In contrast, there were no changes in the intensity of TH staining of dopaminergic fibers that innervate the striatum in Q175 KI mice at any age ( Fig. 4A-Diii) . Stereological analysis revealed that Q175 KI mice also had a loss of MSNs at 16 months (F 1,68 ¼ 38.7, P , 0.05) compared with age-matched WT littermates (Fig. 4E ), yet there was no change in tyrosine hydroxylase levels, as measured by optical density analysis (Fig. 4F ). There was no significant difference between the number of NeuN-positive cells in the CA1 region of the hippocampus between Q175 KI mice (10.14 × 10 4 + 0.69) and age-matched WT mice (8.89 × 10 4 + 0.72) at 16 months. Similarly, there was also no difference in the number of NeuN-positive cells in the CA3 region of Q175 KI mice (9.79 × 10 4 + 1.37) compared with WTs (9.32 × 10 4 + 0.78). Nissl-stained sections from 12-month-old Q175 KI mice contained swollen cell bodies and a loss of Nissl in layers V -VI of the supplementary cortex, and in layers II -III of the motor cortices, compared with agematched WT mice (Fig. 4G) . No changes in Nissl staining were found in other anatomical regions of the Q175 KI mouse brain (data not shown) or in age-matched WT mice.
Progressive cytoskeletal, axonal transport and synaptic protein changes in Q175 KI mice
We have previously demonstrated in other progressive neurodegenerative disease models that an altered expression of synaptic, cytoskeletal and axonal transport proteins precede overt neuronal degeneration (6, 35) . We therefore measured cytoskeletal, axonal transport and synaptic protein expression in Q175 KI and WT littermate mice at 12 months of age (Figs 5 and 6), a time point when mice display a robust motor behavioral phenotype and have widespread mutant Htt accumulation, yet precedes a significant loss of MSNs.
At 12 months of age, the levels of structural, axonal transport and synaptic proteins were investigated in the striatum, motor cortex, prefrontal cortex and hippocampus (Figs 5 and 6). The cytoskeletal protein g-tubulin was increased in the striatum (U ¼ 0.00, P , 0.01) of 12-month-old Q175 KI mice ( Fig. 5A and B), whereas a-tubulin was increased in the motor cortex (U ¼ 1.00, P , 0.05) and hippocampus (U ¼ 1.00, P , 0.01) compared with age-matched WT littermates (Fig. 5C , D, G and H). In contrast, there was no evidence of cytoskeletal changes in the prefrontal cortex ( Fig. 5E and F) , and b-tubulin remained unchanged in all regions. There was a reduction in the level of the anterograde transport motor protein KIF3A (U ¼ 2.00, P , 0.05) in the motor cortex ( Fig. 5C and D) and a reduction in both KIF3A (U ¼ 2.00, P , 0.05) and KIF17 (U ¼ 3.00, P , 0.05) in the hippocampus ( Fig. 5G and H). Conversely, KIF17 was increased (U ¼ 2.00, P , 0.05) in the prefrontal cortex ( Fig. 5E and F) . In addition, levels of KIF17 in the striatum and motor cortex of Q175 KI mice were positively correlated (r ¼ 0.82, P , 0.05). Levels of KIF1A did not differ from WT counterpart levels in any region of interest. There was an increase in the levels of the retrograde transport proteins dynein (U ¼ 1.00, P , 0.01) and dynactin (U ¼ 2.00, P , 0.05) in the striatum of Q175 KI mice at 12 months of age ( Fig. 5A and B ), yet dynactin levels were reduced in the motor cortex (U ¼ 1.00, P , 0.05; Fig. 5C and D). Dynactin was also increased in the prefrontal cortex (U ¼ 2.00, P , 0.05) compared with WT littermate controls ( Fig. 5E and F). Dynein and dynactin protein level increases were closely correlated to each other in the striatum (r ¼ 0.76, P , 0.05, Supplementary Material, Table S1 ). Further, there was a negative correlation between dynein in the motor cortex and dynactin in the striatum (r ¼ 20.83, P , 0.05, Supplementary Material, Table S2 ). There was a reduction in the mitochondrial and Golgi to ER-trafficking proteins, Tom20 (U ¼ 2.00, P , 0.05) and Rab1A (U ¼ 1.00, P , 0.05), respectively, in the prefrontal cortex of Q175 KI mice ( Fig. 5E and F ), yet these proteins did not change in other regions. There were also numerous changes in the levels of pre-and post-synaptic proteins in the striatum, motor cortex, prefrontal cortex and hippocampus dissected from 12-month-old Q175 KI mice (Fig. 6 ). Presynaptic levels of the SNARE complexassociated protein SNAP-25 were decreased in the striatum (U ¼ 2.00, P , 0.05) and hippocampus (U ¼ 2.00, P , 0.05) (Fig. 6A, B, G and H) . Synaptophysin, however, was increased in the hippocampus (U ¼ 1.00, P , 0.05) of Q175 KI mice ( Fig. 6G and H) . Q175 KI mice also developed a reduction in the level of Rab3b (U ¼ 1.00, P , 0.05) at 12 months of age in the motor cortex ( Fig. 6C and D) and a reduction in Rab3A (U ¼ 2.00, P , 0.05) in the hippocampus ( Fig. 6G and H) . Levels of the post-synaptic protein PSD-95 were decreased in the prefrontal cortex ( Fig. 6E and F) yet remained unchanged in all other regions. A reduction in the protein levels of the glutamate receptors NMDAR1 (U ¼ 2.00, P , 0.05) and NMDAR2 (U ¼ 2.00, P , 0.05) was exclusively found in the hippocampus ( Fig. 6G and H) .
Axonal transport, cytoskeletal and synaptic changes were also investigated in 6-month-old Q175 KI mice (Supplementary Material, Figs S2 and S3), a time point where inclusions were more diffuse and no brain atrophy was observed. Proteins of interest were chosen based on those that were dysregulated in 12-month-old Q175 KI mice. At 6 months of age, protein levels of the retrograde transport motor protein dynein were decreased in the striatum of Q175 KI mice (U ¼ 0.00, P , 0.01) compared with age-matched WT littermate controls (Supplementary Material, Fig. S2A and B ), yet no changes in cytoskeletal and axonal proteins were found in the motor cortex (Supplementary Material, Fig. S2C and D) . The mitochondrial trafficking protein Tom20 was decreased in the prefrontal cortex (U ¼ 2.00, P , 0.05) of 6-month-old Q175 KI mice (Supplementary Material, Fig. S2E and F) ; however, there were no genotype-specific changes in transport protein levels in the hippocampus (Supplementary Material, Fig. S2G and H). There were specific reductions of presynaptic proteins in Q175 KI mice at 6 months of age. Although no changes in the SNARE complex-associated protein SNAP-25 were observed in the striatum in Q175 KI mice compared with age-matched WT littermates (Supplementary Material, Fig. S3A and E) , the presynaptic associated GTPase Rab3b was decreased in the motor cortex (U ¼ 2.00, P , 0.05) (Supplementary Material, Fig. S3B and F) . Conversely, the post-synaptic density protein-95 (PSD-95) was not reduced in the PFC of Q175 KI mice at 6 months of age (Supplementary Material, Fig. S3C   Figure 3 . The protein levels of full-length huntingtin and N-terminal cleaved huntingtin fragments were assessed in heterozygous Q175 knock-in (Q175 KI) mice at 12 months of age. Western blots were performed using total lysate from the striatum (A and B) and motor cortex (C and D), using an antibody specific to the N-terminal region. Optical densities of the individual bands were quantified using NIH ImageJ and normalized to GAPDH on the same gel. Normalized optical densities of Q175 KI bands are expressed as fold change compared with the averaged value of normalized WT littermate control band densities, Mann-Whitney U tests. N ¼ 4 -5/group. Graphs are expressed as mean + SEM. and G). In the hippocampus, both SNAP-25 (U ¼ 2.00, P , 0.01) and Rab3A (U ¼ 1.00, P , 0.05) protein levels were reduced, in contrast to synaptophysin protein levels that remained unchanged. The protein levels of glutamate receptors NMDAR1 and NMDAR2 also did not differ between genotypes at 6 months (Supplementary Material, Fig. S3D and H) .
The majority of axonal transport, cytoskeletal and axonal transport changes present at 12 months were also found at the Figure 4 . Histopathological findings in the striatum and cortex of heterozygous Q175 knock-in (Q175 KI) mice at 1, 6, 12 and 16 months of age. Immunolabeling for DARPP-32 and TH in Q175 KI mice shows the morphology of MSNs and dopaminergic fiber innervation in the striatum at 1, 6, 12 and 16 months of age (Ai-Diii). Abbreviations: Stri, striatum and CC, corpus callosum. DARPP-32 protein levels decreased progressively with age (Ai-Dii), whereas TH-positive fibers remain unchanged (Aiii-Diii). Stereological analysis revealed that Q175 KI have a loss of MSN's at 16 months (E), yet there is no change in dopaminergic innervation as measured by optical density analysis (F). Nissl-stained sections from 12-month-old Q175 KI mice indicate swollen cell bodies and a loss of Nissl in the supplementary and motor cortex (G). Graphs are annotated as * P , 0.05 compared with WT mice of the same age, two-way and MANOVAs with Dunnett's post hoc tests. N ¼ 8-12/group. Graphs are expressed as mean + SEM. Scale bars: Ai-Di ¼ 250 mm, Aii-Dii ¼ 100 mm, Aiii-Diii ¼ 50 mm and G ¼ 10 mm. Figure 5 . Cytoskeletal and axonal transport protein changes in heterozygous Q175 knock-in (Q175 KI) mice at 12 months of age. Western blots were performed using total lysate from the striatum (A and B), motor cortex (C and D), prefrontal cortex (E and F) and hippocampus (G and H) of Q175 KI mice and age-matched WT littermate mice. The cytoskeletal protein a-tubulin was increased in the motor cortex (C and D) and hippocampus (G and H), whereas g-tubulin was increased in the striatum (A and B) of Q175 KI mice. Levels of the anterograde transport motor proteins KIF3A and KIF17 were decreased in the motor cortex (C and D) and hippocampus (G and H), yet KIF17 was increased in the prefrontal cortex (E and F). Levels of the retrograde transport motor proteins dynein and dynactin were increased in the striatum (A and B), whereas dynactin was increased in the prefrontal cortex (E and F). Conversely, dynactin was reduced in the motor cortex (C and D). The mitochondrial and Golgi to ER trafficking proteins, Tom20 and Rab1A, respectively, were decreased in the prefrontal cortex (E and F). Optical densities of the individual bands were quantified using NIH ImageJ and normalized to GAPDH on the same gel. Normalized optical densities of Q175 KI bands are expressed as fold change compared with the averaged value of normalized WT littermate control band densities and significance annotated as * P , 0.05 and * * P , 0.01, Mann-Whitney U tests. N ¼ 5 -8/group. Graphs are expressed as mean + SEM. Figure 6 . Synaptic protein changes in heterozygous Q175 knock-in (Q175 KI) mice at 12 months of age. Western blots were performed using total lysate from the striatum (A and B), motor cortex (C and D), prefrontal cortex (E and F) and hippocampus (G and H) of Q175 KI and age-matched WT littermate mice. Levels of the SNARE complex protein SNAP-25 was decreased in the striatum (A and B) and hippocampus (G and H), whereas synaptophysin was increased in the hippocampus (G and H) of Q175 KI mice. Levels of the presynaptic proteins Rab3b and Rab3A were decreased in the motor cortex (C and D) and hippocampus (G and H), respectively, whereas levels of the post-synaptic protein PSD-95 were decreased in the prefrontal cortex (E and F). NMDAR1 and NMDAR2 were also decreased in the hippocampus (G and H). Optical densities of the individual bands were quantified using NIH ImageJ and normalized to GAPDH on the same gel. Normalized optical densities of Q175 KI mouse bands are expressed as fold change compared with the averaged value of normalized WT littermate control band densities and significance annotated as * P , 0.05 and * * P , 0.01, Mann-Whitney U tests. (32) and reduces the transport of BDNF from the cortex to the striatum. Loss of striatal BDNF was observed in HD brains at post-mortem (15, 30) . In Q175 KI mice that were 6 months of age, levels of TrkB (U ¼ 0.00, P , 0.01) were decreased in the motor cortex, highlighting this as an early neurotrophic related change ( Fig. 7A and B) . At 12 months, the decrease in TrkB protein levels in the motor cortex persisted (U ¼ 1.00, P , 0.01; Fig. 7C and D) . There was no significant difference in GAPDH protein levels between Q175 KI mice and WT mice at any age or region analyzed. This increase in TrkB protein levels, seen at 12 months, was no longer present in 16-month-old Q175 KI mice ( Fig. 7E and F) . BDNF is also reduced in the striata of Q175 KI mice at 12 months of age (F 2,28 ¼ 3.58, P , 0.05), occurring when TrkB levels were elevated ( Fig. 7H -G) .
Neurotransmitter and metabolite level alterations in the striatum
Altered levels of neurotransmitters are detected throughout the basal ganglia of HD patients (15, 30) . We used high-performance liquid chromatography (HPLC) analysis to measure alterations of biogenic monoamines and amino acids in whole tissue homogenates of striatum from 1-, 6-, 12-and 16-month-old Q175 KI and WT mice ( Table 2 ). An increase in the ratio of DOPAC/ dopamine was detected in 6-month-old Q175 KI mice (T 
DISCUSSION
In summary, we show that the novel heterozygous Q175 KI mouse model of HD displays progressive behavioral, biochemical and neuropathological abnormalities that recapitulate changes seen in HD patients and their tissues at post-mortem. This heterozygous KI mouse model may therefore signify a more biologically meaningful model of HD compared with previously characterized Htt-overexpressing mice. In addition, we have demonstrated that levels of proteins involved in axonal transport, the cytoskeleton and synaptic transmission are altered before significant neuronal loss in Q175 KI mice. Such newly identified protein abnormalities are potentially critical to understanding deficits seen in HD, and methods to normalize these protein changes could be utilized in therapeutic paradigms.
Behavioral deficits and neuronal degeneration in Q175 KI mice Q175 KI mice display progressive motor coordination deficits on the accelerating rotarod, which accompany the onset of mutant Htt inclusion formation, yet precede brain atrophy. Although deficits in motor coordination were observed in Q175 KI mice, observations of spontaneous motor behavior indicated that Q175 KI mice were also hyperactive. We found that hyperactivity and brain atrophy occurred simultaneously in the Q175 KI model at 12 months of age, in contrast to other transgenic rodent models where hyperactivity precedes cell death (48, 49) . At 12-16 months of age, Q175 KI mice also display motor, cognitive and motivational behavioral deficits, at which time striatal volume is reduced by 33% compared with WT mice, and motor cortex thickness is reduced by 18%. These degenerative changes are comparable with the human disease as a shrinkage of the caudate-putamen and motor cortex by 60 and 20%, respectively, has been observed in brains from late stage HD patients, compared with age-matched controls (50) . HD patients display equal cell loss in cortical layers III, V and VI (51), which is most evident in the sensory-motor region (9) . In Q175 KI mice, cortical layers III, IV and V contain swollen cell bodies, many of which show a dispersion of Nissl away from the center. These features occur during chromatolysis, which is associated with retrogradely degenerating neurons and often precedes apoptosis (52) . Based on our behavioral and histopathological analyses, we find that the heterozygous Q175 KI mouse model of HD represents the most rapid heterozygous KI model to date (5, 53) , although it has a relatively slow phenotype compared with transgenic mutant Htt overexpression models of HD, such as R6/1 and R6/2 mice (44, (54) (55) (56) . The Q175 KI model, therefore, permits the examination of the early and progressive effects of full-length mutant Htt on a number of different systems also affected in human HD. Interestingly, a recent paper has shown an age-dependent deterioration of circadian rhythm in heterozygous Q175 KI mice (57), a symptom also observed in HD patients (58) . In mouse models of HD, the motor phenotype has been associated with altered striatal DA levels (49); however, dysregulation of striatal DA in HD patients is much less understood. It has been suggested that striatal DAergic signaling decreases at late stage (59), contributing to bradykinetic symptoms. Certainly, our data indicate that striatal DA levels are reduced at 12 and 16 months of age in Q175KI mice. In agreement, DA levels are reduced and its efflux impaired in both the YAC128 and the R6/2 mouse models at late stage (60) . However, reduced dopamine levels may not be the only contributing factor to Figure 7 . Brain-derived neurotrophic factor and neurotrophic tyrosine kinase receptor (TrkB) protein changes in heterozygous Q175 knock-in (Q175 KI) mice. Western blots were performed using total lysate from the striatum, motor cortex, prefrontal cortex and hippocampus of Q175 KI and age-matched WT littermate mice (A-F). Full-length TrkB was increased in the striatum of Q175 KI mice at 12 months (C and D), whereas TrkB was decreased in the motor cortex at 6, 12 and 16 months (A-F). There was also a reduction in full-length TrkB in the hippocampus at 16 months (E and F). A graphical representation of TrkB by region over time is also shown (G). Optical densities of the individual bands were quantified using NIH ImageJ and normalized to GAPDH on the same gel. Normalized optical densities of Q175 KI mouse bands are expressed as fold change compared with the averaged value of normalized WT littermate control band densities. In 12-month-old Q175 KI mice, BDNF levels were measured by ELISA (H) and were reduced in the striatum compared with WT littermate mice. Absorbency values per well were expressed as fold change compared with the averaged value of normalized WT littermate control absorbency values. Significance is annotated as * P , 0.05 and * * P , 0.01, Mann-Whitney U tests. N ¼ 5-8/group. Graphs are expressed as mean + SEM.
bradykinetic symptoms, as Q175 KI mice remain spontaneously hyperactive despite reduced DA levels. The change in the GABA/glutamate ratio seen in Q175 KI mice at late stage may be contributing to the observed hyperactivity through activation of MSNs in the direct pathway, by proportionally increased GABA compared with glutamate. Mutant Htt inclusion formation in nuclear and perinuclear cellular compartments is considered a hallmark of HD progression in both humans (10) and mouse models (3, (43) (44) (45) . Q175 KI mice display mutant Htt inclusions at 6 months, which progressively increase in number with age. Inclusions were observed throughout the brain but were most dense in the striatum and cortex. Proteolytic cleavage of Htt is necessary for the targeting of N-terminal Htt fragments through the nuclear pores (61), where they may misfold owing to the polyglutamate repeat and become aggregate prone (62) . Mouse models based on the expression of caspase-6 cleaved N-terminal Htt fragment display a rapid behavioral phenotype and brain atrophy (63) . Thus, N-terminal Htt fragments are hypothesized to contribute to disease progression. We find that the relative protein levels of both full-length Htt and cleaved N-terminal Htt fragments do not differ between Q175 KI mice and WT mice. Therefore, our data do not support the hypothesis that Htt N-terminal fragment accumulation is responsible for the degenerative changes we find in the Q175 KI mouse model of HD.
Axonal transport and synaptic protein changes in Q175KI mice
Htt is a cytoplasmic protein associated with vesicle membranes and functions to control their anterograde and retrograde transport on microtubules (18) (19) (20) (21) . Normal axonal transport of synaptic proteins from the ER to the terminals is also essential for maintaining dendritic spines and synapses (17) . Mutant Htt interferes with axonal transport through both vesicle motility-associated protein interactions and physically after aggregation (22) (23) (24) (25) (26) ; however, key transport and synaptic protein level changes that occur during this process remain poorly understood. Our data revealed that several proteins involved in retrograde and anterograde axonal transport were altered in Q175 KI mice, including kinesins, dynein and dynactin. An increase in striatal dynein levels was first observed at 6 months of age, at which time an accumulation of aggregated mutant Htt is apparent but neurodegeneration, as reflected by striatal atrophy or cortical thinning, is not yet observed. Altered levels of axonal transport proteins persist in 12-month-old Q175 KI mice, when there is both widespread mutant Htt aggregation and atrophy of the cortex and striatum. Our data showing increased levels of the retrograde transport protein dynactin in the striatum, in parallel with its reduction in the motor cortex, suggest that retrograde transport may be reduced in the corticostriatal pathway in Q175 KI mice at 6 and 12 months of age. Disruption of retrograde transport perturbs numerous cellular processes, including mutant Htt protein clearance by the lysosome and proteosome (64) and mitochondrial degradation in the autophagosome (65, 66) . Protein levels of dynein have not yet been studied in HD patient's brains, yet this protein may be of importance for future investigation given in vitro findings showing loss of binding to microtubules (27, 28) and its implication in other neurodegenerative diseases, reviewed in (67) . Kinesin-driven anterograde transport from the cortex is essential to supply BDNF to the striatum (68,69), and we observed reduced KIF3A levels in the motor cortex of Q175KI mice.
Striatal BDNF levels were reduced in 12-month-old Q175 KI mice, in agreement with findings in other HD mouse models (32, 70, 71) and HD patients (15, 31) . Levels of the BDNF receptor, TrkB, were increased in the striatum at the same time point, possibly indicating a compensatory response to striatal BDNF depletion. This increase was not observed at 16 months, suggesting that this system modification is transient. Conversely, TrkB levels were decreased in the motor cortex at 12 and 16 months. It is therefore reasonable that at longer time points, TrkB would be decreased in both the motor cortex and striatum of Q175 KI mice, likely the result of the transcriptional repression of BDNF (31) , which may occur secondary to vesicle motility problems. BDNF depletion causes reduced signaling through mitogen-activated protein kinases 1 and 2 and extracellular signalregulated kinase (72) , which are required for normal synaptic plasticity (73) . Ameliorating striatal BDNF loss in the striatum therefore remains a viable neuroprotective strategy in HD that could be tested in the Q175 KI mouse model of HD.
Mutant Htt also causes progressive synaptic dysfunction and dendritic spine instability in HD mouse models (74, 75) , and in HD patients, synaptic deficits occur at early disease stages (76) . Synaptic plasticity, in the form of long-term potentiation (LTP), has been found to be impaired in the cortex, striatum and hippocampus of HD patients (12) and HD mouse models (13, (38) (39) (40) (41) (42) . Q175 KI mice also show reduced tonic inhibition in striatal output neurons by loss of astrocytic GABA release (77) . Similarly, Q175 KI mice display a reduction in EPSC's of MSNs, after cortical stimulation, at 6 months of age (78) . Our data suggest that synaptic abnormalities may be partmediated by small Rab GTPases, which function at the synapse and influence vesicle release. Rab3A is fundamental for LTP in the hippocampus (79) , and the decrease in Rab3A protein expression in the hippocampus of the Q175 KI model may also influence memory deficits. Rab3A is also reduced in HD brains at post-mortem (80) . We also find that Rab3b is reduced in the motor cortex region at 6 -16 months and suggest this may underlie electrophysiological changes that occur at the same age (78) .
We also show that mutant Htt has detrimental effects on the levels of both pre-and post-synaptic proteins, which may be responsible for such electrophysiological signatures. Levels of the presynaptic SNARE complex protein SNAP-25 were reduced in the striatum of Q175 KI mice (,30%). Reductions to a similar extent have also been reported in grade 1 HD patient's brains at post-mortem (80) . In contrast, levels of the post-synaptic protein, PSD-95, were reduced (,70%) in the PFC region of the Q175 KI mice, yet have not been evaluated in HD patient brain tissue. Both SNAP-25 and PSD-95 are modulated by Htt interacting protein-14 (HIP-14) (81) and therefore reduced associations between mutant Htt and HIP-14 may underlie the loss of these proteins. It is important to note that the relatively small magnitude of several of the protein changes detected in the current study may reflect a dilution effect caused by assessing changes in total homogenate samples by western blot and the detection thresholds achievable by the technique. In fact, the extent of changes in specific populations of cells may have been underestimated owing to the presence of noncontributing cells contained within the same sample. Nonetheless, as discussed earlier, protein changes of similar sizes have been previously documented by western blot analysis of HD patient brains at postmortem (80), thereby validating the Q175 KI mouse as a realistic model of the human disease.
CONCLUSIONS
Given the loss-of-function phenotypes associated with Htt knockdown (1), reviewed in (82), it is important to model the clinically common heterozygous condition in heterozygous KI mice. The Q175 KI mouse model provides a biologically meaningful model of human HD and avoids possible overexpression artifacts that might be observed when analyzing transgenic HD mouse models. Our data provide evidence of early predegenerative changes and late stage brain atrophy in Q175 KI mice, with HD patient-like heterozygosity of mutant and WT Htt expression, and such changes were reflected in motor and cognitive behavioral abnormalities. Therapeutic interventions designed to modulate abnormalities in specific axonal transport and synaptic proteins found in this study may reduce disease progression and are therefore an area of future investigation. 
MATERIALS AND METHODS
Mice
Spontaneous activity in a cylinder
Mice were placed in cylinders of 15 cm in height and 12 cm in diameter to freely explore for 3 min. Mirrors were placed directly behind and underneath the cylinder such that spontaneous movements in any direction were recorded by the video camera (Sony HDR-CX160). Each video was analyzed on i-movie (119.0.4), by an investigator blind to the experimental groups. Videos were scored in slow motion allowing the investigator to record the following: (i) total forepaw steps on the base of the cylinder, (ii) total hindpaw steps on the base of the cylinder, (iii) total number of rears and (iv) time spent grooming.
Rotarod
Mice were placed on a 5-cm division of the rotating beam in the rotarod (Ugo Basile, 47600 V04), set to rotate in an accelerating protocol of 3 -44 rpm over 3 min. The latency to fall was automatically logged by the mouse tripping a time switch upon landing on the base of the equipment, and times were recorded in an investigator blind fashion. Mice performed the test five times with intervals of 15 min or more, and the scores from runs 2 -5 were averaged for each mouse.
Y-maze
The Y-maze tests spontaneous alternation behavior, which is regarded as a measure of working memory, previously defined by Hu et al., (83) . The Y-maze consists of three arms set at equal angles (labeled A, B and C). Specific dimensions of each arm are H: 37 cm, W: 9 cm and D: 10 cm. 16-month-old Q175 KI mice and age-matched WT littermates were tested once in the Y-maze investigator blind paradigm. Each mouse was placed at the end of arm A and allowed to move freely through the maze during an 8-min session. The sequence and number of arm entries were recorded manually. Spontaneous alternation was defined as entries into all three arms on consecutive occasions (i.e. ACB, ABC, BCA and CBA), rather than reentry into a corridor visited previously (i.e. ACC, ABB, AAC, AAB and AAA). The percentage alternation was calculated as the ratio of actual to possible alternations (the total number of arm entries 22 × 100).
Nest scoring
Nesting is goal-directed behavior, controlled by levels of arousal and motivation (i.e. the need for comfort and warmth). 16-month-old Q175 KI mice and age-matched WT littermates were singly housed with a 5 × 5 cm square of cotton bedding (Ancare) placed directly in the center. Mice were left uninterrupted for 16 h in 5 p.m. -9 a.m., and the nests were scored in an investigator blind fashion after the elapsed time. Scoring was conducted according to Deacon (84) . The scoring system in brief was: 0 ¼ uninterrupted nesting material, 1 ¼ disturbed nesting material, 2 ¼ flat nest of a saucer-like shape, 3 ¼ moderate nest of a cup-like shape, 4 ¼ incomplete dome and 5 ¼ complete dome. After the initial score, a further deduction of either 0.25, 0.5 or 0.75 was implicated if each of the four nest walls fell below the initial scoring category.
Histology
At the end of behavioral testing, mice were terminally anesthetized with sodium pentobarbital and perfused transcardially with 25 ml of heparinized saline (0.1%) followed by 100 ml of 4% paraformaldehyde in phosphate buffer. Brains were removed and post-fixed in 4% paraformaldehyde for 4 h before placing them 25% sucrose. Coronal sections were cut to 40 mm, on a freezing sledge microtome and stored in antifreeze at 2208C until use. For immunohistochemistry, sections were rinsed in PBS before endogenous peroxidases were quenched in 3% hydrogen peroxide for 7 min. After rinsing, the sections were incubated in 5% normal goat serum in 0.1% Triton X-100 in PBS. Tissue sections were then incubated with either anti-Huntingtin (Chemicon, 1:1000), anti-DARRP-32 (Cell Signaling 1:1000), anti-NeuN (Millipore, 1:1000) or anti-TH (PelFreez 1:500). After washing in PBS, sections were incubated in biotinylated secondary antibody (anti-mouse/rabbit raised in goat at a concentration of 1:200). Staining of the tissue-bound antibody was visualized using a standard peroxidase-based method using an ABC kit (Vectastain Elite, Vector Laboratories, Burlingame CA, USA) and chromogen, 3,3 ′ -diaminobenzadine (DAB, Sigma). For Nissl staining, tissue sections were mounted onto slides, dried and then hydrated in 70% ethanol, 50% ethanol and distilled water before exposure to 0.5% Cresyl violet for 4 min. Cresyl violet staining was differentiated in 95% ethanol and acetic acid (0.5 ml/200 ml). After staining, all tissue sections were dehydrated and coverslipped.
Immunoblotting
Mice were terminally anesthetized and perfused transcardially with heparinized saline (0.1% heparin in 0.9% saline), and brains were cut with the use of a tissue chopper at 750 mm. Tissue samples were collected from the striatum, motor cortex, prefrontal cortex and hippocampus of 6-, 12-and 16-month-old Q175 KI and age-matched WT littermate mice and each suspended in ice cold buffer containing: 300 mM sucrose in TE buffer (Bio-Rad). Phosphatase inhibitors I and II (1:100), proteinase inhibitors (1:100) (Thermo Halt proteinase inhibitor single use cocktail) and EDTA were then added. Tissues were homogenized for 15 s and sonicated in with three short pulses. A portion of the supernatant was reserved for protein determination (BCA Assay, Pierce), and the remaining solution was stored at 2208C. 15-30 mg of proteins from tissue preparations were then used to run each gel. Samples were loaded into the Criterion precast 4 -12.5% SDS-polyacrylamide gel system (Bio-Rad). The proteins were then transferred from the gel to a PVDF membrane electrically charged at 21 V and 2.5 amps for 7 min. Membranes were washed in Tris-buffered saline with 0.1% Tween 20 (TBS-T). After at least 1 h of blocking in 5% blocker (Bio-Rad), the membranes were incubated overnight at 48C in the following primary antibodies: a-tubulin (Upstate, 1:5000), b-tubulin (Chemicon, 1:5000) g-tubulin (Sigma, 1:5000), Actin (Sigma, 1:1000), KIF3A (Abcam, 1:1000), KIF2A (Abcam, 1:5000), KIF17 (Abcam, 1:500), dynein (Santa Cruz, 1:250), dynactin (Santa Cruz, 1:1000), Rabphillin1A (ProteinTech, 1:1000), Tom-20 (Santa Cruz, 1:1000), synapsin (Thermo, 1:1000), synaptotagmin (BD Trans, 1:5000), synaptophysin (Santa Cruz, 1:500), syntaxin-1 (Millipore, 1:2000), SNAP-25 (Chemicon, 1:4000), Munc-18 (Thermo, 1:3000), PSD-95 (NeuroMab, 1:250), Rabphillin3B (ProteinTech, 1:1000), Rabphillin3A (BD Trans, 1:1000), NMDAR1 (BD Trans, 1:1000), NMDAR2 (Millipore, 1:1000), TrkB (Cell signaling, 1:200) and GAPDH (Millipore, 1:5000). After washing in TBS-T, HRP-conjugated secondary antibodies were then applied for 1 h at room temperature. The blots were treated with ECL-Plus (Amersham Biosciences) and exposed using ChemiDoc TM XRS and image Lab TM software. Optical density analysis (NIH image) was used to determine the relative abundance of each protein of interest. Bands were normalized to GAPDH for that same sample and gel, and Q175 KI band intensities were expressed as fold change compared with the average of the normalized WT bands. GAPDH levels were also directly compared between Q175 KI and WT mice, using optical density analysis of exposed bands, to ensure the adequate protein loading of the samples and to indicate that mutant Htt did not affect levels of GAPDH in any brain region or age analyzed.
BDNF ELISA
Striatal, PFC, MC and hippocampal tissue samples from 12-month-old Q175 KI mice and WT littermate controls were dissected and processed for use with mouse BDNF ELISA Kit (Syd Labs). Homogenates were prepared in PBS containing a proteinase inhibitor cocktail (Thermo). A portion of the supernatant was reserved for protein determination (BCA Assay, Pierce), and the remaining solution was stored at 2208C. The protocol was standardized for detection of low target protein concentrations (31.2-2000 pg/ml). 0.1 ml of each sample was added to each well and incubated at 378C for 90 min. The plate contents were discarded and 0.1 ml of the anti-mouse BDNF antibody working solution added to each well. This was left to incubate at 378C for 60 min. After three washes in 0.01 M TBS, the provided ABC solutions were incubated in wells at 378C for 60 min. After the final washes in TBS, the TMB color-developing solution was added and left to incubate at 378C in the dark for 30 min, before the color reaction stop solution was added. Optical density absorbance at 450 nm was then read on a microplate reader. Absorbance levels were compared with a standard curve plotted from provided standards in the kit and was calculated as (the relative OD 450 ) ¼ (the average OD 450 of a sample triplicate) 2 (the average OD 450 of the TBS only triplicate).
Biochemical analysis of neurotransmitters and metabolites
Mice were terminally anesthetized and perfused transcardially with heparinized saline (0.1% heparin in 0.9% saline). Whole brains were cut by a tissue chopper in 750-mm slices, and the striatum was dissected from two adjacent sections on ice. Tissue pieces were sent to CMN/KC Neurochemistry Core Laboratory in Vanderbilt University for HPLC analysis as defined in Chung et al. (6) . In brief, the brain sections were homogenized in 200 -750 ml of 0.1 M TCA, 1024 M EDTA and 10.5% methanol with 1022 M sodium acetate, using a tissue dismembrator (Fisher Scientific) and spun at 10 000 g for 20 min. The supernatant was removed and stored at 2808C. Neurotransmitters and metabolites present in the supernatant were determined by a specific HPLC assay using an Antec Decade II (oxidation: 0.5) electrochemical detector operated at 338C. Twenty microliters of samples of the supernatant were injected onto a Phenomenex Nucleosil (100A) C18 HPLC column using a Water 717+ autosampler. The solvent was delivered at 0.8 ml/min using a Waters 515 HPLC pump. Using this solvent, the following biogenic amines evaluated: dopamine, DOPAC, HVA, 3-MT, 5-HIAA, 5-HT, GABA and glutamate. Waters Empower software was used for both controlling HPLC parameters during data collection and for data analysis.
Semi-quantitative scores for huntingtin inclusions
Semi-quantitative scores for the appearance of mutant Htt inclusions throughout the Q175 KI mouse brains were performed according to Bayram-Weston et al. (3) . Scores in brief are: --, absent;
* , weak nuclear staining; * * , diffuse nuclear staining; * * * , few inclusions and * * * * , many dense inclusions. Inclusions were analyzed in the following regions: striatum (lateral, medial, rostral and caudal quadrants), nucleus accumbens, septum, amygdala, thalamus, hypothalamus, hippocampus, motor cortex, prefrontal cortex, sensory cortex, piriform cortex and s. nigra. Htt inclusion appearance was confirmed for each region and age using five serial sections (N ¼ 6 mice/group). Negative staining of inclusions was also confirmed at each age in WT mice.
Thickness, volumetric, cell number and densitometry measurements
Estimates of striatal volume and cortical thickness were defined on Nissl-stained sections using Stereo Investigator (MBF Bioscience), by an investigator bind to the genotypes. Striatal volume was determined by drawing contours around the striatum on each section, and the estimate was determined using the Optical Fractionater Workflow function. Parameters: number of sections (9-11/ mouse), section evaluation interval 6 and the measured section thickness ( 19-24 mm/section) at 10× magnification. Stereological estimates of DARPP-32 and NeuN cell numbers in the striatum and CA1/CA3 hippocampus regions, respectively, were counted using the same parameters at 20× magnification. The thickness of the PFC and motor cortex were measured using the Quick measure line tool from the upper most part of the cortex down to the cingulum. Sections were chosen for the PFC at approximately +2.58 mm and for the motor cortex at +1.18 mm relative to Bregma.
Optical density analysis of DARPP-32-stained tissue sections was performed using image J software (Version 1.46r). Striatal images were taken at 2.5× magnification, approximately +0.8 mm relative to bregma in the anterior -posterior direction. This microscopy was performed using a Zeiss Axioskop microscope, and images were taken with the Spot RT color camera (Diagnostic instruments, Inc.) using Spot software (Version 4.1.1). Photomicrographs were duplicated, converted to gray scale and inverted. Optical density values were then obtained for each image using the line tool to draw a contour around the striatum (excluding the nucleus accumbens) followed by the measure function. Optical density values were first normalized to background levels, by subtracting values of the corpus callosum. The level of DARPP-32 was calculated as the % difference of Q175 KI mouse levels at 1, 6, 12 and 16 months compared with the mean of age-matched WT mouse levels.
Statistical analysis
The Shapiro-Wilk test of normality was first conducted on all data sets to determine the sample distribution, using IBM # SPSS version 20. Data sets with significance above the alpha level of 0.05 was considered normally distributed and standard parametric tests employed. Unpaired student's t-test analysis was used to compare WT and heterozygous Q175 KI mice on a single dependent measure. When comparing two means for skewed data sets, the non-parametric Mann -Whitney U test was conducted. Two-way ANOVA and multivariate ANOVA (MANOVA) with Bonferroni post hoc tests were also used to compare both genotypes in all time points. All parametric and non-parametric test analyses were conducted using GraphPad Prism (Version 5.0) (GraphPad Software, Inc.). Statistical significance was determined at the alpha level of 0.05.
